Interestingly, these plasmid mutants fell into two classes: (i) 5 were expression mutants that produced either too little or too much wild-type UmuC protein, and (ii) 11 were plasmids with structural changes in the UmuC protein. Although hydroxylamine mutagenesis was random, most of the structural mutants identified in the screen were localized to two regions of the UmuC protein; four mutations were found in a stretch of 30 amino acids (residues 133 to 162) in the middle of the protein, while four other mutations (three of which resulted in a truncated UmuC protein) were localized in the last 50 carboxyl-terminal amino acid residues. These new plasmid umuC mutants, together with the previously identified chromosomal umuC25, umuC36, and umuC104 mutations that we have also cloned, should prove extremel useful in dissecting the genetic and biochemical activities of UmuC in mutagenic DNA repair.
UmuC at physiological levels was constructed and randomly mutagenized in vitro by exposure to hydroxylamine. Mutated plasmids were introduced into the umu tester strain RW126, and 16 plasmids that were unable to promote umuC-dependent spontaneous mutator activity were identified by a calorimetric papillation assay.
Interestingly, these plasmid mutants fell into two classes: (i) 5 were expression mutants that produced either too little or too much wild-type UmuC protein, and (ii) 11 were plasmids with structural changes in the UmuC protein. Although hydroxylamine mutagenesis was random, most of the structural mutants identified in the screen were localized to two regions of the UmuC protein; four mutations were found in a stretch of 30 amino acids (residues 133 to 162) in the middle of the protein, while four other mutations (three of which resulted in a truncated UmuC protein) were localized in the last 50 carboxyl-terminal amino acid residues. These new plasmid umuC mutants, together with the previously identified chromosomal umuC25, umuC36, and umuC104 mutations that we have also cloned, should prove extremel useful in dissecting the genetic and biochemical activities of UmuC in mutagenic DNA repair.
The ability of Escherichia coli DNA polymerase III holoenzyme to replicate across bulky misinstructional lesions in DNA, such as cyclobutane pyrimidine dimers or 6-4 pyrimidinepyrimidone photoproducts, is dependent upon the functional activity of the RecA and UmuD'C proteins (4, 14, 43, 50, 58) . In addition, studies with a defined lesion in phage M13 DNA have shown that the extent and mutagenic consequences of translesion DNA synthesis vary and depend upon the specific type of DNA lesion encountered (3, 4, 25, (32) (33) (34) .
Both genetic and biochemical experiments have shown that the RecA and UmuDC proteins are induced as part of the cellular SOS response to DNA damage (53, 58) . Furthermore, RecA mediates the processing of UmuD to a shorter but mutagenically active form, UmuD' (8, 40, 46) . Mutants of umuD or recA that are unable to promote cleavage are rendered phenotypically nonmutable (2, 18, 31, 46) . RecA also participates directly in the mutagenic process by targeting the Umu-like mutagenesis proteins to DNA (13, 20) . Although recent studies have shown that DNA polymerase III holoenzyme can bypass a synthetic abasic lesion in vitro only in the presence of the highly purified UmuD'C and RecA proteins (43) , the biochemical action of these proteins remains to be resolved. In particular, very little is known about UmuC's role in this process. To some extent this is due to the limited number of umuC mutants that have been characterized genetically. The E. coli umuC gene consists of 1,269 base pairs, and to date, only eight umuC mutants have been reported: four missense mutants (three chromosomal and one plasmid) (28, 31, 36, 48) , two frameshift mutants that result in nonsense mutations (both plasmid encoded) (41) , and two insertional mutants (both chromosomal) (1, 16) .
In an attempt to better characterize UmuC function both genetically and biochemically, we attempted to isolate novel umuC mutants. We have recently developed an Escherichia coli strain that is particularly useful in identifying Umu activity by way of a calorimetric papillation assay (24) . We have used this assay to screen for randomly mutated umuC plasmids that were unable to promote normal SOS mutagenesis functions. In this report, we present a molecular and genetic characterization of some of these mutants. Our findings suggest that the integrity of certain regions of the UmuC protein may be critical for activity and that changes in the levels of wild-type UmuC can also affect the efficiency at which mutagenesis functions are promoted.
MATERIALS AND METHODS
Bacterial strains. The E. coli strains used in this study are listed in Table 1 . All have been reported elsewhere except RW222, which was constructed by a series of P1 transductions as follows. The suL4211 mutation was introduced into TK603 (28) by initially transducing in the sul4100::TnS and closely linked pyrD mutations from DE1242 (24) and then replacing 5012 WOODGATE ET AL. (Fig. 1) . Plasmid pRW116 was constructed by replacing a 4-kb EcoRI fragment from pDS110, encoding kanamycin resistance and the structural umuDC operon, with a 2-kb EcoRI fragment carrying the genetically engineered umuD'C operon from plasmid pEC42 (20) (Fig. 1 Both the medium-copy-number plasmid pRW30 (55) and the low-copy-number plasmid pRW154 (24) that express the UmuDC proteins from their natural promoter have been described previously.
In vitro mutagenesis of pRW124 and screening for umuC mutants. Randomly mutated pRW124 was obtained following the hydroxylamine mutagenesis procedure described by Isack- son and Bertrand (26 Plasmid pRW124-139 contained two mutations in umuC, one of which was silent. It also exhibited elevated levels of UmuC, suggesting that it may contain an additional mutation that affected plasmid copy number (data not shown). The mutation resulting in the structural change in umuC (pRW124-139B; QX372) was obtained as a HindIII-BamHI fragment and was cloned into the similarly digested wild-type vector.
The chromosomal umuC25 mutation was obtained from strain DE1878 (31) by PCR amplification of a 952-bp fragment with two oligonucleotide primers, 5'-GAGAAATTCGCG CAACGGT-3' (781s) and 5'-TCCATTCGGCGCTCCTG-3' (1733a) (5' nucleotides of the primers are shown in parentheses; s and a refer to sense and antisense strands, respectively [42] ). Amplified DNA was digested with HindlIl and BamHI and cloned into HindIII-BamHI digested plasmid pRW124. The presence of the umuC25 allele was confirmed by allelespecific oligonucleotide colony hybridization analysis using a 22-mer 32P-labelled oligonucleotide probe (5'-GTTATCTC CAAG1T1'ATTAAGA-3') as previously described, omitting the psoralen cross-linking step (9) . Plasmid-encoded UmuC was analyzed in strain RW126 [lexA(Def) recA718 AumuDC]. pRW154 is a low-copy-number plasmid that expresses UmuDC. pRW30 is a medium-copy-number plasmid expressing UmuDC. pRW124 is a medium-copy-number plasmid that expresses only UmuC. [Since UmuD(D') stabilizes UmuC (12), the pRW124 extract was made from a strain that harbors the UmuD'-producing plasmid pRW66]. The position of wild-type UmuC is indicated on the right. Densitometric analysis of this gel reveals that the level of chromosomal UmuC in the recA4730 lexA(Def) strain is approximately 4.4-fold higher than in the recA+ lexA(Def) strain-and is consistent with our earlier findings (56) . Compared with the recA730 lexA(Def) strain, plasmids pRW154, pRW124, and pRW30 produced approximately 3.6-, 2.5-, and 28-fold-higher levels of UmuC, respectively. fragment by using primers 5'-ATGGGCGATCCCTGG-3' (570s) and 5'-CTGTATCCGCCAAATCG-3' (1047a) and was cloned as a 78-bp BglII-SalI fragment into pRW134 (18) . The umuC36 mutation was subsequently subcloned from pRW134 into pRW124 as anAgel-BamHI fragment. The presence of the umuC36 mutation was confirmed by the presence of an extra HindIII restriction site that results from the G--A transition found in umuC36 (31).
All PCR-amplified regions were subjected to DNA sequence analysis to confirm that no additional unwanted mutations were inadvertently cloned.
RESULTS
Isolation of plasmid-encoded umuC mutants. The aim of this study was to isolate new umuC mutants, characterization of which might provide some insight into the activities of UmuC. Since mutations in either umuD or umuC render E. coli nonmutable, our first step was to clone the umu genes onto separate but compatible plasmids. The mutagenically active UmuD' protein was expressed from the low-copy-number plasmid, pRW66, whereas UmuC was expressed from the medium-copy-number plasmid pRW124 (Fig. 1) . Both plasmids contain the same 5' umu regulatory regions, and as a result, both the UmuD' and UmuC proteins are regulated by LexA protein and are expressed from the natural umuDC operon promoter. The exception is that pRW124 lacks an obvious ribosome binding site (Fig. 1) . As a result, the amount of UmuC produced from the medium-copy-number plasmid, pRW124, is dramatically reduced compared with the amount of UmuC expressed from the umuDC operon cloned into a plasmid with a similar copy number (cf. pRW124 and pRW30; Fig. 2 ). In fact, the amount of UmuC produced from pRW124 was comparable to that seen with the umuDC operon on the low-copy-number plasmid pRW154 and only 2.5-fold higher than that expressed chromosomally in a recA730 lex4(Def) strain (Fig. 2) . On the basis of our previous calculations of 700 UmuC molecules per recA 730 1exA(Def) cell (56), we estimate that the level of UmuC produced from pRW124 in strain RW126 corresponds to -1,750 molecules per cell. By comparison, we have previously estimated that there are -2,500 UmuD' molecules per recA 730 lexA(Def) cell. Plasmid pRW66 produces roughly fourfold more UmuD' than that expressed from the chromosome (data not shown) and would therefore be expected to give rise to -10,000 UmuD' molecules per cell. Given that UmuD(D') is a dimer under physiological conditions (6, 57) , this equates to a ratio of approximately three UmuD' dimers to one UmuC molecule. Previously, we have noted that when expressed from the natural umuDC operon, UmuD(D') is produced in an approximately sixfold excess over UmuC (56) . The two-plasmid system employed here, therefore, maintains close to physiological levels and ratios of the UmuD'C proteins and avoids most, if not all, of the problems that are commonly associated with overproducing the Umu proteins from multicopy plasmids (37, 52) .
By physically separating the umu genes on different plasmids, we were able to randomly mutate the umuC plasmid in the absence of umuD'. Potential mutants were easily identified by introducing the mutagenized plasmid into RW126/pRW66 and screening for SOS-dependent mutator activity with a colorimetric galactose papillation assay (24) . A total of 1,500 separate colonies were assayed, and those that produced less than half of the normal number of Gal' papillae were chosen for further study. Of 140 potential mutants analyzed, 16 appeared to be either partially or completely deficient in SOS mutator activity as judged by their ability to revert the hisG4(0c) mutation ( (Table 3) , they are noted in addition to the position of the four previously identified chromosomal umuC mutants (umuC25, umuC36, umuC104, and umuC122) and one plasmid-encoded umuC mutant (umuC125) for the sake of completeness.
tially proficient at both spontaneous and induced mutagenesis; and plasmids pRW124-10, pRW124-92, and to a lesser extent pRW124-65 and pRW124-134, which were defective for spontaneous mutagenesis but partially proficient for MMS-induced -mutagenesis (Table 2) .
We were interested in determining if any of the plasmid mutants could complement a missense umuC mutation. Since the umuC36 allele is the best characterized of the three chromosomal umuC mutants, all 16 plasmids were isolated and introduced into TK610 (umuC36 uvrA6) and analyzed for their ability to promote MMS-induced mutagenesis. Most plasmids failed to complement umuC36, and only plasmids pRW124-10, pRW124-126, and pRW124-132 showed any appreciable increase in inducible mutagenesis (Table 2) .
Nucleotide changes in pRW124 derivatives unable to promote mutagenesis functions. Our strategy to isolate umuC mutants was based upon the assumption that any plasmid that failed to promote mutagenesis functions would probably contain a mutation in umuC. Although DNA sequence analysis proved this to be the case for 12 of the 16 plasmids ( to our surprise, four plasmids that resulted in poorly mutable or nonmutable phenotypes (pRW124-40, pRW124-100, pRW124-132, and pRW124-138) did not contain any changes in the structural umuC gene. We have classified these plasmids as expression mutants.
In vitro, hydroxylamine almost exclusively produces C--T transitions. With the exception of pRW124-77, which contained a T->C transition, all of the mutations identified in the 12 plasmids with structural mutations in umuC could be attributed to a C-*T transition in either the coding or noncoding strand of umuC (Table 2) . (It is possible that the mutation identified in pRW124-77 occurred in vivo as a consequence of the normal spontaneous mutator activity exhibited by RW126/ pRW66/pRW124 [ Table 2 ].) Although many of the 12 plasmids with a structural umuC mutation contained only a single-base-pair substitution, five plasmids, pRW124-34, pRW124-65, pRW124-73, pRW124-139, and pRW124-140, contained multiple changes. However, the two changes in pRW124-65 were in the same codon, and one of the two mutations in pRW124-139 and pRW124-140, respectively, was silent. Although hydroxylamine mutagenesis is generally thought to be random, most of the structural mutants identified in our screen for nonmutable umuC plasmids were localized to two regions of the UmuC protein; four missense mutations identified in plasmids pRW124-126, pRW124-92, pRW124-34, and pRW124-134 were found in a stretch of 30 amino acids (residues 133 to 162) in the middle of the protein (Table 2 ; Fig. 3 ), whereas four other mutations encoded by plasmids pRW124-139, pRW124-73C, pRW124-120, and pRW124-111 (the first three of which resulted in a truncated UmuC protein) were localized in the last 50 carboxyl-terminal amino acid residues (Table 2; Fig. 3 ).
Of particular interest was the C-*T transition mutation found in pRW124-10 that changed the glutamine residue at position 172 to a TAG amber stop codon. Strain RW126 carries the amber suppressor mutation supE44 that encodes for a glutamine-inserting tRNA rather than a termination signal (22) . The efficiency of extragenic suppression varies and, in the case of supE44, is estimated to occur somewhere between 0.8 and 20% of the time (15, 22, 39) . Thus, since the wild-type residue in pRW124 already encodes for glutamine, if suppressed by SupE44, pRW124-10 would produce wild-type UmuC. Although this plasmid does contain a bona fide mutation in the structural umuC gene, it was considered a conditional expression mutant since it produces wild-type UmuC in an amber-suppressing background, albeit at somewhat lower levels. Interestingly, as noted above, the plasmid was unable to promote efficient spontaneous mutagenesis but was partially proficient for MMS-induced mutagenesis ( Fig. 4 ). The increase varied between twofold for plasmid pRW124-132 and eightfold for plasmid pRW124-40. We believe that the increased expression occurs through an increase in the copy number of the plasmid since the amount of plasmid DNA isolated from these derivatives was much higher than normal and was comparable to that of high-copynumber plasmids (data not shown). In contrast, plasmids with structural changes in umuC exhibited somewhat lower steadystate levels than wild type (Tables 2 and 3 ; Fig. 4 and 5) . The exception was pRW124-139, which gave approximately 2.3-fold higher UmuC. However, like the other plasmids with increased UmuC levels, this probably occurs through an additional plasmid copy number mutation (see below). As might be expected from the nucleotide changes, plasmids pRW124-139, pRW124-73, and pRW124-120 produced truncated UmuC proteins. With the exception of the UmuCs encoded by pRW124-10, pRW124-34, pRW124-73, and pRW124-140, steady-state levels of all the plasmid encoded mutant UmuC proteins were comparable to, or greater than, the chromosomally expressed UmuC in a recA+ lexA(Def) strain (cf. counterpart (24) , there was a significant increase in UV resistance in the presence of pRW66 and pRW124 (Fig. 5) . Two of the expression mutants, pRW124-132 and pRW124-138, that exhibited 2-and 2.4-fold increases in UmuC protein, respectively, yielded intermediate survival (Fig. 5, left panel) , whereas plasmids that produced much higher (pRW124-40 and pRW124-100) or lower (pRW124-10) levels of UmuC had no effect on UV survival (Fig. 5, left panel) . Of the structural umuC mutants, only pRW124-126 was partially proficient at restoring UV resistance (Fig. 5, right panel) .
Separation of complex umuC mutations and comparison of chromosomal umuC mutants cloned into pRW124. As noted above and in Table 2 , some of the plasmid mutants that we identified contained multiple mutations. The most notable was pRW124-73, which had three separate mutations. We have subcloned these mutations onto separate plasmids and compared their phenotypes. Both of the 5'-most mutations (pRW124-73A [AT3] and pRW124-73B [GS24]) resulted in only a slight loss of mutagenesis functions (Table 3) . The AT3 change is in a block of residues that are 100% conserved in UmuC homologs, while the GS24 residue is more variable (Fig. 3) . We conclude that either the conservative amino acid changes are readily accommodated at these positions or that at least the first 24 amino acids of UmuC are not critical for UmuC's mutagenesis functions. In contrast, the most 3' mutation (pRW124-73C; QX399) was completely defective for UmuC functions (Table 3 pRW124-73 yielded a low steady-state level of UmuC protein (Table 2 ; Fig. 4) ; however, this seems to have arisen as a combination of the three different mutations since the individual mutants showed a somewhat increased level of the mutant UmuC protein ( Fig. 6; Table 3 ).
Like pRW124-73C, the structural mutation in pRW124-139B (QX372) resulted in complete loss of mutagenic activity. This mutation results in a UmuC protein lacking the last 50 carboxyl amino acids, and although the level of the truncated UmuC was lower than that of the original parent plasmid, expression (and stability) of the truncated UmuC protein was similar to that of wild-type UmuC ( Fig. 6; Table 3 ). These data, together with the nonmutable phenotypes of plasmids pRW124-120 and pRW124-111 ( Table 2 ), suggest that the carboxyl terminus of UmuC is critical for mutagenic activity.
Three chromosomal missense umuC mutants have been reported (28, 31, 48) , and we were interested in comparing the effects of the chromosomal mutants in our plasmid expression system. Neither umuC36 nor umuC104 promoted any significant spontaneous mutator activity; however, both exhibited a very limited ability to promote MMS-induced mutagenesis in (Table 3) . When these plasmids were assayed for their ability to complement the chromosomal umuC36 mutation in TK610, plasmid-encoded umuC104 failed to complement, but the plasmid-encoded umuC36 produced a modest but reproducible twofold increase in the number of His' mutants (Table 3 ). This finding is consistent with a previous report suggesting that umuC36 may have a leaky phenotype and is able to promote mutagenic activity under certain conditions (5) . By comparison, the umuC25 mutation appeared to be completely defective for all mutagenic activity (Table 3) .
With respect to the steady-state levels of the mutant proteins, UmuC104 protein was similar to wild-type UmuC, UmuC36 was slightly reduced, and UmuC25 had the lowest steady-state level of the mutant UmuC proteins (Table 3 ; Fig.  6 ).
Further characterization of plasmids pRW124-10, pRW124-92, and pRW124-126. On the basis of the qualitative His' reversion assay, the UmuC proteins encoded by plasmids pRW124-10, pRW124-92, and pRW124-126 were able to promote limited mutagenesis functions (Table 2) . To determine the efficiency of mutagenic activity more accurately, we performed quantitative UV mutagenesis assays (Fig. 7) . To our surprise, neither plasmids pRW124-10 nor pRW124-92 yielded any UV-induced mutants that were reproducibly above background (Fig. 7) . In contrast, pRW124-126 yielded approximately one-fifth of the mutants seen with the wild-type plasmid. Since the qualitative mutagenesis experiment used the chemical mutagen MMS rather than UV light, we considered the possibility that the differences were due to the different types of lesion generated by each treatment. However, quantitative mutagenesis assays with MMS gave essentially similar results (Fig. 8) (30) . Likewise, posttranslational cleavage of UmuD to mutagenically active UmuD' is also inefficient (8, 56) . As a consequence of these inefficient reactions, the cell potentially has time to repair DNA damage via error-free pathways such as nucleotide excision repair or recombinational repair before being committed to error-prone translesion DNA synthesis (8, 56) . Reducing the amount of available UmuC protein may simply further shift the balance towards error-free transcription-coupled nucleotide excision repair rather than error-prone repair ( Fig. 7 and 8 ). When this pathway is genetically inactivated, the limited amount of UmuC can once more promote error-prone repair (Fig. 9) UmuC is thought to physically interact with RecA protein (21) , and very recently Sommer et al. (47) have presented evidence that overproduction of the UmuD'C proteins inhibits the ability of RecA to promote homologous recombination. It is conceivable that the elevated level of UmuC produced from our mutant plasmids not only inhibits RecA recombinational activities but also compromises its roles in SOS mutagenesis.
It has been difficult to test many of the hypotheses presented above because of the nature of the overproduction. All of the UmuC overproducers appeared to be expressed from plasmids with an increased copy number. These plasmids were somewhat unstable, and when introduced into different genetic backgrounds, many of the survivors had reverted back to a lower copy number and a UmuC' phenotype (data not shown). The simple conclusion that can be drawn from the studies with the expression mutants is that either too much or too little UmuC can result in the same loss of function phenotype.
Structural umuC mutants. Our initial screen for umuC plasmid mutants identified 11 plasmids with structural changes in the UmuC protein. One of these plasmids, pRW124-73, was complex and contained three separate changes. We subcloned these mutations onto individual plasmids and cloned the chromosomal umuC25, umuC36, and umuC104 mutations into pRW124, giving us a total of 17 plasmids expressing a mutant UmuC protein. While we have clearly not identified all of the possible changes that can lead to a loss of UmuC function, most of the mutations in our plasmid mutants were localized to particular regions of the protein. For example, four mutations were found in a stretch of 30 amino acids (residues 133 to 162). Three of these plasmids (pRW124-92, pRW124-126, and pRW124-134) exhibited somewhat similar phenotypes in that they were partially leaky for some, or all, of UmuC activities (Table 2 ). The fourth mutation (AT152/pRW124-34A) may also exhibit a similar phenotype but is masked by the second mutation in pRW124-34 (EK228).
Another region where mutations were localized was the carboxyl terminus of the protein. Plasmid pRW124-111, with a Ser-> Leu change just 15 residues from the end of UmuC, resulted in a complete loss of function, as did those that resulted in truncated UmuC, lacking 50, 24, and 18 residues (plasmids pRW124-139, pRW124-73C, and pRW124-120, re- If we include the chromosomal umuC25 mutation together with those found in plasmids pRW124-65 and pRW124-77, then a third smaller region (residues 279 to 290) also appears important for activity.
In contrast, we found few mutations in the very amino terminus of UmuC. Mutations were recovered at residues 3 (AT3) and 24 (GS24) but were only identified because they occurred in a plasmid (pRW124-73) with a mutation in the carboxyl terminus (QX399). When these mutations were subcloned into undamaged vectors, both AT3 and GS24 caused only a slight loss of activity. Indeed, had these mutations occurred independently, their modest change in phenotype would not have been detected in the initial screen for umuC mutants. On the basis of these observations, it would appear that amino acid substitutions in the first few residues of the protein may not be as critical as those located in the carboxyl terminus.
Although we believe that we may have identified potential functional domains of UmuC, the biochemical defect of each of these putative domains remains to be resolved. Umudependent error-prone translesion DNA synthesis is believed to occur as part of a multiprotein complex that requires protein interactions between UmuC and UmuD' (57), RecA (2, 20, 21, 50) , and probably subunits of DNA polymerase III holoenzyme (19, 27, 43, 51) . It is conceivable that the umuC mutants isolated here are defective in some, if not all, of the aforementioned interactions. Further characterization of these mutants should therefore provide insights into the functional domains of UmuC as well as its biochemical activities.
